The reductive dechlorination of polychlorinated biphenyls (PCBs) by anaerobic bacteria has recently been established as an important environmental fate of these compounds. This process removes chlorines directly from the biphenyl ring with replacement by hydrogen, resulting in a product mixture in which the average number of chlorines per biphenyl is reduced. In this study, dechlorination of commercial PCB mixtures (Aroclors 1242 and 1254) by microorganisms eluted from PCB-contaminated sediments of the River Raisin (Michigan) and Silver Lake (Massachusetts) caused a depletion in the proportion of highly chlorinated PCB congeners and an accumulation of lesser-chlorinated congeners. Dechlorination occurred primarily at the meta and, to a much lesser extent, para positions of biphenyl. The concentrations of the coplanar congeners including 3,3',4,4',5-pentachlorobiphenyl, the most potent dioxinlike congener, were significantly lowered by reductive dechlorination. Microbial reductive dechlorination of commercial PCB mixtures caused a substantial reduction in biologic activity in several instances. It significantly lowered or eliminated the inhibitory effects of Aroclors on fertilization of mouse gametes in vitro. Similarly, the dechlorinated product mixtures had substantially lower ethoxyresorufin-Odeethylase induction potencies and showed less ability to induce activating protein 1 transcription factor activity as compared to the unaltered Aroclors. In other assays the same dechlorinated product mixtures demonstrated biologic activities similar to the nondechlorinated Aroclors, including the ability of PCB mixtures to stimulate insulin secretion and cause neutrophil activation. The data presented here establish that the biologic activities of commercial PCB mixtures are altered by microbial reductive dechlorination and that an assessment of their toxic potential requires an array of tests that include the different mechanisms associated with PCBs.
Polychlorinated biphenyls (PCBs) are ubiquitous industrial organic chemical contaminants distributed throughout the global ecosystem (1) (2) (3) (4) (5) (6) (7) . Commercial PCBs (e.g., Aroclors) are complex mixtures containing about 80 to 90 of a possible 209 congeners that differ in the number and positioning of chlorines on the biphenyl ring structure. Approximately 1.4 billion pounds of PCBs have been produced worldwide, and several hundred million pounds have been released to the environment (8) . PCBs produce a broad spectrum of toxicities and biologic activities in laboratory animals and humans and produce a variety of ecosystem-level effects. In this paper we evaluate changes in the biologic activities of commercial PCB mixtures that occur as a result of microbial reductive dechlorination, which is now recognized as an important in situ process (9, 10) . Reductive dechlorination removes chlorine from biphenyl with replacement by hydrogen, resulting in a product mixture in which the average number of chlorines per biphenyl is substantially diminished. Collectively, our recent studies demonstrate that an accurate assessment of the risk posed by PCBs in the environment requires evaluation of the biologic activities of the mixtures that occur in situ, which may be substantially different from the parent mixtures because of anaerobic microbial processes (11) . Furthermore, the use of multiple biologic end points is critical for realistic evaluation of the toxicity of microbially dechlorinated PCB mixtures.
Exposure to complex PCB mixtures has resulted in numerous adverse health effects in exposed animals (12) . Examples of some effects linked to PCB exposure include wasting syndromes, body-and organweight abnormalities (13) (14) (15) , reproductive failure (16) (17) (18) (19) (20) (21) (22) , eggshell thinning (23, 24) , immune suppression and greater susceptibility to infectious diseases (25) , carcinogenicity (26) , increased mortality (27) , and suppression of population numbers (22) . Pre-and postnatal exposure of laboratory animals to PCBs resulted in changed birth weight of offspring (28, 29) , retarded learning and loss of short-term memory (30) (31) (32) , poor discriminationreversal learning (33, 34) , and variability in reproductive (28, 29) , hematologic, and serum biochemical parameters (35) . Exposure of male rodents to PCBs also caused improper implantation of fertilized eggs in non-PCB-exposed females to which they were mated (36) (37) (38) . Gestational and resulted in embryonic abnormality and reduced fertility (28, 29, 39, 40) .
Different structural classes of PCB congeners elicit different toxicologic responses. Coplanar PCB congeners (non-or mono-ortho-substituted PCBs) exhibit dioxinlike activity. They induce cyrochromes P450 and cause increased liver weight, thymus atrophy, and diminished body weight (12, 41, 42) . Exposure of rats to coplanar PCB congeners causes a marked decrease in vitamin A concentration in blood and liver and a subsequent reduction in the levels of retinol and thyroxin (43) . Inhibition of leukotriene production by opsonized zymosan in human polymorphonuclear granulocytes (PMN) was affected by coplanar congeners such as 3,3',4,4'-tetrachlorobiphenyl (44) . The coplanar PCB congeners express their dioxinlike effects through aromatic hydrocarbon receptor (Ah-R)-mediated processes (45) .
Noncoplanar PCBs may exert different types of toxicity. Evidence is mounting that neurotoxicity results from noncoplanar congeners that influence catecholamine levels in nerve tissues (46) (47) (48) . Signal transduction systems can be altered by noncoplanar congeners, and this may adversely impact a variety of critical biologic functions including the nervous system (49, 50) and the immune system (25, (51) (52) (53) .
Microbial reductive dechlorination of commercial PCB mixtures was first inferred from altered congener profiles in anaerobic sediments from the Upper Hudson River, New York, in which a depletion in more heavily chlorinated congeners and an enhancement of lower chlorinated congeners was observed (54, 55) . This was subsequently confirmed in laboratory studies in which Aroclors were dechlorinated when added to non-PCB-contaminated Hudson River sediments that were then inoculated with anaerobic microorganisms eluted from PCB-contaminated Hudson River sediments (9, 56) . In situ PCB dechlorination has been documented at numerous sites including the Hudson River, Silver Lake (SL; Massachusetts), the Sheboygan River (Wisconsin), the Hoosic River (Massachusetts), and the River Raisin (RR; Michigan) (10) .
Although in situ PCB dechlorination is common, the extent of dechlorination varies considerably among sites, ranging from < 10 to > 90% removal of chlorine in the meta and para positions of biphenyl (10) . Dechlorination at the ortho position does not generally occur. Based on chromatographic profiles of dechlorinated product mixtures, several fundamental dechlorination processes have been described (10) that may occur singly or in combination in the environment. These processes are believed to result from differences in the congener specificities of distinct species or strains of dechlorinating microorganisms. Processes M and Q are, respectively, the most extensive individual meta and para dechlorination processes because they do not require that a chlorine be adjacent to the position dechlorinated. All other dechlorination processes have this requirement and hence remove less chlorine. Process M removes chlorine from the meta positions (3,3',5,5') of biphenyl and appears most widely distributed in anaerobic sediments. Process Q removes para (4,4') chlorines and is less frequently observed. Process N2) and subsequently used as the inocula. Clean sediment (PCB-free) was obtained from the Red Cedar River (Okemos, Michigan), air dried, and passed through a 2-mm sieve. In an anaerobic glove chamber, 75 g sediment was dispensed into 100-ml serum vials, slurried with 60 ml RAMM, and sealed with butyl rubber stoppers. The slurry was incubated at room temperature in the anaerobic glove chamber for about 2 weeks until methane was detected in the headspace. The slurries were then autoclaved (2 hr at 130°C) and returned to the anaerobic chamber, amended with PCBs (Aroclors 1242 and 1254, 600 mg/g sediment) and inoculated with the dechlorinating microorganisms (20 ml, RR or SL). The vials were crimp-sealed, vortexed, and then incubated in an anaerobic glove chamber at room temperature.
In addition to the actively dechlorinating microorganisms, a control containing autoclaved (deactivated) inoculum together with PCBs and a control containing inoculum with no PCBs were prepared and incubated as above. Samples were withdrawn periodically for PCB analysis to monitor the dechlorination process. After the dechlorination activity reached a plateau (approximately 9 months), the incubation was terminated and the contents of each 100-ml vial were transferred into 1-liter bottles. Extraction and congener-specific quantification of PCBs were as described previously (11) . Briefly, PCBs were extracted twice with 500 ml acetone and three times with 500 ml hexane:acetone (9:1). The extraction solvents were evaporated under N2 and the residues were dissolved in 100 ml hexane. The hexane solution was first washed with concentrated sulfuric acid (3x25 ml), then with 2% sodium chloride solution (2 x 50 ml), then passed over a 50-ml florisil copper column contained in a 100-ml burette. The total PCB concentration and the identity and concentration of the individual congeners were determined by gas chromatography (9) . The A separate analysis for coplanar PCB congeners and for polychlorodibenzodioxin and -dibenzofuran (PCDD/PCDF) contamination was performed as described by Quensen and colleagues (58) 10-mm film) was used to achieve near-complete resolution of the target congeners. The instrument detection limit (IDL) for these analyses ranged from 1.5 to 8.0 pg in the injected sample. The reported quantification limit was three times the IDL or 4.5 to 24 pg in the injected sample.
Biologic Testing of Dechlorinated and Nondechlorinated Polychlorinated Biphenyls
Biologic activities of the PCB mixtures before and after dechlorination were evaluated using an array of biologic end points consisting of in vitro fertilization, ethoxyresorufin-O-deethylase (EROD) induction, induction of activated protein (AP)-1 transcription activity, insulin release, and neutrophil activation.
In Vitro Fertilization. Sperm and eggs were collected from mice and exposed in vitro to nondechlorinated and dechlorinated PCBs and to controls that contained no PCBs. Sperm were collected from epididymides of B6D2F1 male mice (Jackson Laboratory, Bar Harbor, Maine). This crossbreed from C57BL/6J females and DBA/2J males has been responsive to dioxin and PCBs in CYPIA induction (59) . The in vitro fertilization assay has been described previously (12) and modified as follows. Epididymal sperm samples were collected in 1 ml BMOC-3 medium containing the test material (PCBs, dechlorinated PCBs, or no PCBs) and incubated for 1 hr. Eggs from B6D2F1 females were also collected in 1 ml BMOC-3 medium containing the test material and incubated for 1 hr. The eggs were then inseminated with 50 ,ul sperm suspension at final sperm concentrations of 0.5 to 1.5 x 106/ml. Twenty-five to 27 hr after insemination, eggs at the one-or twocell stage with two pronuclei and a second polar body were considered fertilized. Fragmented, degenerated, and one-cell eggs without multiple nuclei were considered nonfertilized. (61) .
Activating Protein-i Activity. Another end point used to evaluate the effects of reductive dechlorination of PCBs was induction of AP-1 transcriptional factor, which has been implicated in the neoplastic promotion process (62) (63) (64) (65) (66) . A WB-F344 rat liver epithelial cell line (WB) was used to determine effects on AP-1-regulated gene expression. The WB cell line was derived from liver of male Fischer 344 rats (67) . The cells were routinely cultured in modified minimal essential medium (MEM) with 10% fetal calf serum (FCS) in a humidified atmosphere (95%O 2/5% C02) at 370C. The luciferase plasmid (provided by M.J. Karin 
Microbial Dechlorination of Polychlorinated Biphenyls
Each inoculum/Aroclor combination produced a different mixture of dechlorinated PCBs. The product mixtures were enriched in lesser chlorinated congeners and depleted of higher chlorinated congeners relative to the parent Aroclor (Figure 1 removed. The predominant products (Table  1) totaled only 1.0 mol% of the parent Aroclor but were 69.3 mol% of the dechlorination products. PCB congeners comprising these products contained chlorine mainly at the ortho or ortho and para positions, which indicated that meta chlorines were removed from both flanked and nonflanked meta positions. Less prominent products comprised 2.4 mol% of the parent Aroclor and 17.4 mol% of the dechlorination products. Dechlorination of Aroclor 1254 by SL microorganisms was less extensive than that by RR microorganisms, with an average of 44% of the meta and para chlorines removed. The predominant products (Table  1) accounted for only 2.1 mol% of the parent Aroclor but 52.3 mol% of the dechlorination products. Less prominent products represented 1.9 mol% of the parent Aroclor and 24.5 mol% of the dechlorination products. Congeners containing nonflanked meta chlorines made up a greater proportion of the SL dechlorination products as compared to the RR dechlorination products. SL microorganisms produced more 2,3',6-triCB/2,3,6-triCB, 2,3',4-triCB, and 2,2',4,5'-tetraCB than RR microorganisms. These differences again indicated that SL microorganisms were less capable of removing nonflanked meta chlorines than were the RR microorganisms.
The concentrations of coplanar congeners in the PCB mixtures were significantly reduced after reductive dechlorination (Figure 2 ). Dechlorination of Aroclors 1242 and 1254 by RR and SL microorganisms lowered the concentrations of both the non-and mono-orthosubstituted congeners, often by at least 10-fold and in some cases> 100-fold, as in the case of dechlorination of Aroclor 1242 by RR microorganisms (Figure 2 ). For example, dechlorination reduced the concentration of 3,3',4,4',5-pentaCB (congener 126), the most potent dioxinlike congener (61, 72) , by one to two orders of magnitude for Aroclor 1242 (SL and RR, respectively) and by nearly one order of magnitude for Aroclor 1254 (58).
Biologic Testing of Dechlorinated and Nondechiornated PCBs
In Vitro Fertilization ofMouse Gametes. Exposure of gametes to the nondechlorinated Aroclors resulted in a high percentage of degenerated eggs and a low percentage of fertilized eggs. In the absence of PCBs, few eggs (1-7%) degenerated and most eggs (83-86%) were fertilized ( Figure 3) .
Dechlorination of Aroclor 1242 markedly reduced or eliminated the adverse effects of PCBs on fertilization using mouse gametes in vitro (Figure 3 Table 2 . As expected from the decreased amounts of coplanar PCBs, the measured TCDD equivalents (TEQs) determined using the 4HIIE bioassay demonstrated substantial reduction in the dioxinlike potencies of PCB mixtures as a result of microbial dechlorination. The decreases in EROD induction potencies depended on the extent of removal of non-or mono-ortho-substituted congeners. This is revealed by the correspondence between the TEQs determined from the H4IIE bioassay and those calculated 
